1. The intramedullary connections of the area postrema involved in the central cardiovascular response to angiotensin were studied in the chloralose-anaesthetized greyhound.
and the brain (Bickerton & Buckley, 1961; Severs, Daniels, Smookler, Kinnard & Buckley, 1966; Dickenson & Yu, 1967; Rosendorff, Lowe, Lavery & Cranston, 1970) . However, not all the actions described have taken place at concentrations of angiotensin which might be considered physiological. described a very sensitive and nervously mediated cardiovascular response to angiotensin infused into the vertebral artery in concentrations as low as 0·1 ng kg1min-1 ; such infusion rates would produce blood concentrations locally similar to those that may be achieved after haemorrhage (Hodge, Lowe & Vane, 1966) . The central cardiovascular response described by is characterized by an increase in blood pressure, heart rate and cardiac output mainly due to the withdrawal of cardiac vagal tone. If the vagi are cut, however, a pressor response remains due to peripheral sympathetic activity . Joy & Lowe (1970a) identified the caudal medulla as the only site in the brain capable of mediating this central cardiovascular response to angiotensin in the greyhound and later demonstrated that it could be abolished by bilateral ablation of the areas postrema (Joy & Lowe, 1970b) . The area postrema itself is a neurovascular structure of largely unknown function which lies outside the blood-brain barrier (Wislocki & Putnam, 1920 , 1924 in the dorsal medulla. Its histological appearance has led a number of workers to ascribe to it a chemoreceptor function (Borison & Brizzee, 1951; Clemente, 1954; Brizzee & Neal, 1954 , Gwyn & Wostencroft, 1968 , and there is some experimental support for this suggestion (Borison & Brizzee, 1951) .
The present paper describes the central connections of the area postrema involved in the central cardiovascular response to vertebral arterial infusions of angiotensin in the chloraloseanaesthetized greyhound. A preliminary report has appeared elsewhere (Joy, 1971) .
METHODS
All experiments were performed on adult greyhounds weighing 22-33 kg. They were premedicated with morphine (2 mg/kg) and anaesthetized with a 1% solution of chloralose (100-130 rug/kg) intravenously. Anaesthesia was maintained with intermittent injections of pentobarbitone sodium (1 mg/kg) and the animals were artificially ventilated throughout with a Palmer 'Ideal' respiration pump. The arterial pressure was recorded from a catheter in a femoral artery connected to a Statham P23H pressure transducer and the heart rate was recorded from the R wave of the ECG by using a Grass P7 cardiotechometer connected to a model 7 Polygraph.
Vertebral arterial infusions of angiotensin were made through a Portex cannula (1 mm outer diam.) inserted into the vertebral artery so that the flow was not obstructed; the opposite vertebral artery was clamped. Control intravenous infusions of angiotensin were made via a 1·5 mm outer diam. cannula in a femoral vein. The dose of angiotensin administered (32 ng/min for 5 min) was the same for all infusions in all animals, the infusions being made with a Harvard syringe pump. As the results were subsequently interpreted by planimetry care was taken to ensure that the duration of the infusions was precisely 5 min. Due to the variation in the weight of the animals and a possible error of 10% in the angiotensin supplied by Ciba Ltd (Basle, Switzerland), the dose received by individual animals in the group lay within the limits 0,9-1,6 ng/min1kg-1 • However, as the response to intravenous infusion of angiotensin at this rate was small, the response to vertebral arterial infusion was due almost entirely to the central effect.
The areas postrema were approached with the dog lying prone, its head being held in a frame so that the atlanto-occipital joint was flexed. After division of the neck musculature in the midline, the atlanto-occipital membrane was incised longitudinally and a wedge of the occiput excised, care being taken not to enter the vertebral venous sinuses or the termination of the superior sagittal sinus. The fourth ventricle was entered with great care by cutting the arachnoid between the cerebellar vermis and the calamus scriptorius, after retracting to one side any emissary vessels. (Slight trauma to nearby structures during this procedure disturbed the blood-pressure and heart-rate baselines, sometimes irrevocably.) The areas postrema were then revealed lying in the lateral walls of the fourth ventricle, just rostral to the obex. Ablation was effected by thermocoagulation. The vagus nerves were exposed in the neck and blocked separately or together by cooling. Silver cuvettes were placed around each nerve, and a pump maintained a flow of water at l-5 ± 1.0 0 at 90 ± 10 mlfmin through one cuvette and 140± 15 mlfmin through both, as required. The vagi were subsequently cut first on one side and then on the other. The baselines achieved and the responses to vertebral arterial infusions of angiotensin after cutting of the vagi were then compared with those obtained when the vagi were cooled, and there was no significant difference. This implied that the vagi were effectively blocked by cooling.
To determine whether the central cardiovascular response to angiotensin required neuronal connections with centres above the pons, the midbrain was transected at mid-collicular level in six animals. In two animals this was achieved with a silver probe by a blind approach after a plate of bone had been removed from the basi-occiput. However, eight further dogs died from a medullary-pontine infarction after this procedure and in the remaining four dogs the midbrain was approached through the parietal lobe, section being made with the silver probe under direct vision. All the brains were removed at the end of the experiment and section was found to have been complete.
All results obtained were expressed as the integral of the change in blood pressure or heart rate measured by planimetry.
Angiotensin was dissolved in physiological saline (0,9% NaCl); all infusions were preceded and followed by control infusions of saline. When one or both vagi were cooled, the heart-rate and blood-pressure baselines were allowed to stabilize before any infusions were made. The following drugs were used: angiotensin (Vals-angiotensin, asp-ji-amide; Hypertensin, Ciba); chloralose (C sH u06CI3 , BDH Chemicals Ltd, Poole, Dorset); pentobarbitone sodium (Abbott Laboratories Ltd, Queenborough, Kent); morphine sulphate (Macarthy's Ltd); propranolol hydrochloride (Inderal, I.C.I. Ltd, Alderley Park, Macclesfield, Cheshire); bethanidine sulphate (Esbatal, Burroughs Wellcome and Co., Dartford, Kent). (i) With both vagi intact. The blood-pressure and heart-rate responses to vertebral arterial infusions of angiotensin were recorded both before and after ablating the area postrema on the right (four dogs) and on the left (four dogs). After ablation both the blood-pressure and heartrate responses were decreased, although this procedure had no effect on the baseline mean blood pressure [122, 6 mmHg (SEM 8'9) Fig. 1 and the pooled results summarized in Fig. 2 and Table 1 . These results suggest that both areas postrema contribute to the central response to angiotensin which is mediated predominately by the vagus nerves .
RESULTS

Effects ofunilateral ablation ofthe areapostrema on the response to vertebral arterialinfusions of angiotensin
(ii) With both vagi blocked by cooling. To study the sympathetic component of the response, the vagus nerves (the parasympathetic efferent pathway) were blocked by cooling and the effect of unilateral ablation of the area postrema on the response was noted. Before ablation vertebral arterial infusions of angiotensin caused a rise in blood pressure, but no change in heart rate; this response has been shown to be mediated by the sympathetic nervous system . Ablation of one area postrema did not significantly modify the response to vertebral arterial infusions of angiotensin, suggesting that one area postrema can mediate the sympathetic component of the central response to angiotensin (see Figs. 1 and 2 and Table 1 ).
(iii) With one vagus blocked by cooling. To determine whether each area postrema could influence both vagi, the effects of cooling each vagus in turn were studied both before and after ablating one area postrema. Ablation of one area postrema did not abolish the response to angiotensin irrespective of which vagus was blocked. A sample experiment is shown in Fig. 3 and was performed on the same animal as that shown in Fig. 1 . In pooling the results from these animals, the vagus on the side on which the area postrema was subsequently ablated was called the ipsilateral vagus whereas the other was called the contralateral vagus. The results obtained in the eight dogs are summarized in Fig. 4 The units are the integrals obtained of the response to angiotensin, being HR (beats) and BP (mmHg x min), the histograms representing the means and the bars 1 SEM. In the intact animals this procedure significantly decreased the blood pressure response (0·02>P> 0'01) but not the heart rate response (0·2>P>0·1) to vertebral arterial infusions of angiotensin. When both vagi were cooled the heart rate response was abolished, but unilateral ablation did not modify the residual blood pressure response (0'6> P> 0,5).
At the end of each experiment the remaining response to angiotensin was abolished by ablation of the remaining intact area postrema demonstrating that the previous unilateral ablation had been complete.
Effects of transection of the midbrain
Midcollicular transection of the midbrain in six dogs had no significant effect on the mean baseline blood pressure and heart rate, confirming the observations of Alexander (1946) . In some animals the response to intravertebral angiotensin was temporarily depressed after this procedure, but after an hour there was no significant difference in the blood pressure and heart-rate responses to vertebral arterial infusions of angiotensin. The immediate post-section depression of the response is probably analogous to spinal shock. Five animals subsequently underwent bilateral vagotomy which abolished the heart-rate response, but left a substantial Fig. 2 . Ablation of the area postrema on the same (ipsilateral) side as that on which the vagus was blocked significantly decreased both the blood-pressure (0·02>P>0·01) and heart-rate (0·02>P> 0,01) responses to vertebral arterial infusions of angiotensin, but did not abolish them. Ablation of the opposite (contralateral) area postrerna significantly decreased the blood-pressure response (0·02>P>0·01) but not the heart-rate response (0·1>P> 0,05).
pressor response. This residual pressor response was unaffected by propranolol (0,3 mg/kg) but was abolished by treatment of the animals with the adrenergic blocking drug bethanidine (4 mg/kg); the results are summarized in Table 2 . A sample experiment is illustrated in Fig. 5 and the pooled results in Fig. 6 , where the propranolol results have been omitted for clarity. These results indicate that neither the sympathetic nor the parasympathetic component of the central cardiovascular response to intravertebral infusions of angiotensin is dependent on neuronal connections with centres above the mid-brain.
96
M. D.Joy Pooled results from six dogs that underwent midcollicular section of the midbrain. This procedure did not significantly modify the heart-rate and blood-pressure response to vertebral arterial infusions of angiotensin (0·4>P>0·3 for BP and 0·2>P>0·1 for HR). Subsequent vago-. tomy in five of the animals abolished the heart-rate response, but left a significant blood-pressure response which was mediated by the sympathetic nervous system as it was abolished by subsequent treatment with bethanidine. Propranolol (0,3 mg/kg) after vagotomy and before bethanidine had no significant effect (see Table 2 ) and has been omitted for clarity. The units are as for Fig. 2 .
DISCUSSION
These results demonstrate that during vertebral arterial infusions of angiotensin, one area postrema can influence both vagi and the medullary reticular formation (responsible for peripheral sympathetic tone) without neuronal reference to high centres. Angiotensin therefore modifies the autonomous cardiovascular regulatory functions of the medulla, acting as a humoral afferent.
The evidence that the area postrema is the site of action of angiotensin is somewhat indirect. Joy & Lowe (1970a) demonstrated that the medulla is the only site in the brain mediating the central cardiovascular response to blood-born angiotensin in the greyhound and later abolished this response by bilateral ablation of the areas postrema (Joy & Lowe, 1970b) . This procedure did not, however, abolish the central cardiovascular response to vertebral arterial infusions of prostaglandin F2 a and acetylcholine, both substances with known central action (Lavery, Lowe & Scroop, 1970; Scroop, 1969) . Further, the response to bilateral occlusion of the common carotid arteries after this procedure was unmodified, suggesting that the normal cardiovascular reflex functions of the medulla were intact. Ueda, Katayama, Kato & Kamisaka (1968) using a micro-injection technique demonstrated a significant pressor response to large doses (1 /lg) of angiotensin injected into the area postrema of the cat. However, there appeared to be no significant difference between the pressor responses obtained to these injections and to
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injections into areas such as the superior cerebellar peduncle. The effects of such large concentrations of a vasoactive compound injected into the brain substance therefore need to be interpreted with caution. Veda et al. (1968) did, however, notice an increase in electrical activity in the area postrema after vertebral arterial injections of angiotensin. It is unlikely that angiotensin crosses the blood-brain barrier directly to influence medullary vasomotor structures because this barrier is in general poorly penetrated by polar, non lipid-soluble substances (Mayer, Maickel & Brodie, 1959) . It is also unlikely that angiotensin acts via the cerebrospinal fluid for a number of reasons, including the presence of the blood-cerebrospinal fluid barrier which has been demonstrated to a somewhat similar polypeptide, vasopressin (Yorherr, Bradbury, Hoghoughi & Kleeman, 1968) . The area postrema as the site of action is therefore appropriate in that it is a gap in the blood-brain barrier and in addition is an area to which a chemoreceptor function has been ascribed.
The connections of the area postrema when considered together with the observed increase in blood pressure and heart rate during vertebral arterial infusions of angiotensin , suggest that under the influence of angiotensin the area postrema acts as an afferent pathway to the vasomotor and cardioregulatory centres in the medulla. The physiological importance of such a pathway is not yet clear. The observation by Joy & Lowe (1970b) that bilateral ablation of the areas postrema does not significantly alter the resting blood pressure or heart rate (after the acute disturbance has subsided) suggests that in their preparation there was little resting 'tone' exerted by the area postrema, perhaps due to low concentrations of circulating angiotensin. However, in hypotension the angiotensin-area postrema pathway could be of value, acting synergistically with the concomitant fall in afferent baroreceptor inhibitory activity, as both these lead to a reflex increase in peripheral sympathetic activity and decrease in cardiac parasympathetic tone.
It is worth noting the similarity and differences in the role of the angiotensin-area postrema system and the arterial baroreceptors. The area postrema may well be inactive in the resting state whereas the baroreceptors maintain a tonic inhibitory influence on the vasomotor and cardioregulatory centres. Below a certain value of arterial pressure afferent baroreceptor activity may cease (Chungcharoen, De Burgh Daly, Neil & Schweitzer, 1952) and have no further effect. At this time, however, blood angiotensin concentrations will have risen (Hodge et al., 1966; Scornik & Paladini, 1964 ) and angiotensin will therefore continue to exert a tonic modulatory influence, increasing as the concentration of angiotensin in the blood increases. The spheres of influence of the two pathways are also not identical; the baroreceptors influence both sympathetic and parasympathetic nerves to the heart, as well as sympathetic nerves to the peripheral resistance vessels whereas the angiotensin-area postrema system does not appear to activate the sympathetic nerves to the heart, the changes in heart rate being entirely due to the vagus (at least in the greyhound).
The possible pathophysiological consequences of such a pathway are more speculative. There is evidence of a decrease in baroreceptor sensitivity (Bristow, Honour, Pickering, Sleight & Smyth, 1969; Alexander & De Cuir, 1966) and of resetting (McCubbin, Green & Page, 1956 ) in chronic renal hypertension; there is also evidence of a neurogenic component (Dock, 1940; Taquini, BIaquier & Bohr, 1961; Smirk, 1970) but the concentration ofangiotensin in the blood may be within normal limits (Scornik & Paladini, 1961) . It is possible that angiotensin maintains the neurogenic component of chronic renal hypertension by central stimulation via the area postrema pathway in the presence of decreased baroreceptor activity.
